Abstract. The innate immune system plays an important role as the first line of defense against many types of microbes. Accumulating reports suggest that human β-defensins (hBDs) are expressed by and have certain roles in some cancer cells. In this study, we investigated the roles of hBD-3 in colon cancer cells. The expression of hBD-3 was examined by reverse transcriptase-polymerase chain reaction analysis of colon cancer cell lines and immunohistochemical staining of colon cancer tissues. The effect of hBD-3 on proliferation of colon cancer was assessed using the MTT assay and a real-time cell analyzer, and the effect of hBD-3 on the migration of colon cancer cells was also examined. The results showed that hBD-3 is not expressed in colon cancer cells but is produced by tumorinfiltrating monocytes. Migration of colon cancer cells was significantly inhibited by hBD-3 in a dose-dependent manner, although proliferation of colon cancer cells was not affected by administration of hBD-3. Moreover, reduced expression of metastasis-associated 1 family, member 2 (MTA2) mRNA in colon cancer cells was associated with exposure to hBD-3. In conclusion, progression of colon cancer was inhibited by hBD-3 in a paracrine fashion. Therefore, hBD-3 may be a potent new agent for treating colon cancer.
Introduction
The innate immune system plays an important role as the first line of defense against bacteria, fungi, and viruses before adaptive immunity to these potential pathogens is developed. Mucosal cells in particular produce many types of antimicrobial peptides that prevent invasion or growth of pathogens. The α-and β-defensins are classes of cysteine-rich, cationic antimicrobial peptides (1, 2) . To date, six human α-defensins and 28 human β-defensins (hBDs) have been identified (3, 4) . Some hBDs are constitutively expressed in epithelial cells, whereas expression of hBD-2 and hBD-3 is induced by microbial products or inflammatory stimuli (5, 6) . Human BDs also have chemotactic activity for memory T cells and immature dendritic cells through binding to CCR6, thus bridging innate and adaptive immunity (7, 8) .
In addition to their roles in the innate immune system, several studies have suggested that hBDs are expressed by and have certain roles in some cancer cells. For example, Shestakova et al reported that lung cancer cells express hBD-1, -2, and -4 (9,10). Arimura et al reported that serum hBD levels are high in lung cancer patients and suggested that hBD-1 could be a new diagnostic marker for lung cancer (11) . Markeeva et al revealed that hBD-2 is overexpressed in gastric and cervical cancer cells (12, 13) , although the level of expression is not correlated with the differentiation grade or stage of the cancer. Mburu et al reported that head and neck squamous cell cancer cells secrete hBD-3. In addition, they found that hBD-3 induces CCR7 expression in these cells in an NF-κB-dependent manner and provides migratory and pro-survival signals to cancer cells (14) .
In humans, the number of microbes is highest in the colon, and as such, colon cancer cells would be constantly exposed to a vast number of potential pathogens. Therefore, it is possible that hBDs play specific roles in the development of colon cancer. However, despite several reports suggesting that α-defensin is expressed in colon cancer cells (15) (16) (17) , and that hBD-3, which is induced by microbial stimuli plays a variety of roles in the pathogenesis and progression of head and neck squamous cell and oral squamous cell cancer (OSCC) (14, (18) (19) (20) , little is known about hBD expression in colon cancer cells. In this study, we therefore examined the expression and role of hBD-3 in colon cancer cells.
Materials and methods
Cell lines and reagents. The human colon cancer cell line COLO-320 (RCB1193) was purchased from the Riken BRC 7 cells of each cell line using an RNeasy Mini kit (Qiagen, Tokyo, Japan), and cDNA was synthesized by extension of oligo(dT) primers using PrimeScript reverse transcriptase (Takara, Ohtsu, Japan). PCR of the cDNA was performed using Ex Taq (Takara). The primer sets used for amplification of hBD-3 and human GAPDH were as follows: hBD-3 forward, 5'-TTTTGGTGC CTGTTCCAGGT-3' and reverse, 5'-TTCTTCGGCAGCATT TTCGG-3'; human GAPDH forward, 5'-TATAAATTGAGC CCGCAGCC-3' and reverse, 5'-TTCCCGTTCTCAGCCTT GAC-3'.
Immunohistochemistry. Immunohistchemical staining for hBD-3 was performed on surgically resected colon cancer tissues and tissue arrays (Super Bio Chips, Seoul, Korea) using a Vecstain ABC kit (Vector Laboratories, Burlingame, CA, USA). Deparaffinized sections were heated for 5 min in citrate buffer at 100˚C with a pressure cooker to reactivate the antigen and then treated with 0.3% H 2 O 2 in methanol for 30 min to deactivate endogenous peroxidases. Sections were blocked with 1% goat serum in PBS, covered with primary antibody at 4˚C overnight, covered with second-step biotinylated antibody for 30 min, and then incubated with peroxidase-labeled streptavidin for 30 min. After washing, sections were incubated with 0.05% diaminobenzidene/0.15% H 2 O 2 and counterstained with 10% hematoxylin (Wako, Osaka, Japan). This study was approved by the Institutional Review Board of Mie University Hospital. Written informed consent was obtained from each patient included in the study. The study protocol conforms to the ethical guidelines of the 1975 Declaration of Helsinki as reflected in a priori approval by the institution's human research committee.
Cell proliferation and viability assays MTT assay. Colon cancer cells were plated at a density of 1x10 4 cells per well in 96-well microtiter plates (Corning Glass Works, Corning, NY, USA), and each plate was incubated for 5 h at 37˚C in a 5% CO 2 atmosphere. Next, 50 µl of hBD-3 or control solution was added to each well, and the plates were incubated for an additional 48 h. The live-cell count was determined using a Cell Titer 96 Assay kit (Promega, Madison, WI, USA) according to the manufacturer's instructions. The absorbance of the contents of each well was measured at 570 nm with a microtiter plate reader (Bio-Rad Laboratories, Hercules, CA, USA).
xCELLigence system. Cell proliferation and viability was also assessed using an xCELLigence system (Roche Inc., Basel, Switzerland) according to the manufacturer's instructions. Briefly, each well of each 16-well microtiter plate (E-Plate 16) was filled with 100 µl of DMEM to equilibrate the well membrane, and the plates were then incubated for 30 min at 37˚C in a 5% CO 2 atmosphere. Colon cancer cells suspended in 50 µl of growth medium were seeded at a density of 1x10 4 cells per well, and 50 µl of hBD-3 solution was added 6 h later. Cells were cultured for 48 h using a Real-Time Cell Analyzer (RTCA) single plate (SP) instrument placed in a standard incubator at 37˚C in a 5% CO 2 atmosphere. Cell index values were monitored and recorded at 15-min intervals.
Migration assay. Changes in the migration of SW480 and SW620 cells were analyzed using a fibronectin-coated Oris Cell Migration Assay kit (Platypus Technologies, Madison, WI, USA) according to the manufacturer's protocol. Briefly, cells were plated at a density of 1x10 4 cells per well and incubated at 37˚C in a 5% CO 2 atmosphere. After 24 h, all the stoppers were removed from the wells and the cells were washed once and the medium was exchanged with medium containing various concentrations of hBD-3 (0, 1 or 5 µM). After an additional 24 h of incubation, the wells were photographed and cell migration was analyzed using ImageJ software (US National Institutes of Health).
Real-time PCR array. Changes in the expression of genes related to the migration and invasiveness of SW480 and SW620 cells following exposure to hBD-3 (5 µM) were analyzed using an RT 2 PCR array (Human Extracellular Matrix and Adhesion Molecules) (SABiosciences Corp., Frederick, MD, USA) according to the manufacturer's instructions. Observed changes in mRNA expression were confirmed using quantitative real-time PCR.
Quantitative real-time PCR. cDNAs of colon cancer cell lines were synthesized from 1 µg of total RNA. Quantitative real-time PCR (qRT-PCR) was performed using an ABI PRISM 7300 Real-time PCR system (Applied Biosystems, Foster City, CA, USA) with EagleTaq Master Mix kits (Roche Molecular Systems, Branchburg, NJ, USA). The expression levels of target genes were determined from triplicate reactions by normalization of expression data to that of β-actin according to the manufacturer's instructions. The primer set and probe for metastasis-associated 1 family, member 2 (MTA2) were as follows: sense primer, 5'-CGCAGGGACATTTCTAGTAGC-3'; antisense primer, 5'-GCTGCTTTGATTCCTCTTCAAA-3'; probe, CAGCCTGG.
Statistical analysis. Cell proliferation, migration, and gene expression data were compared using the two-tailed Student's t-test. For differences between rates, Fisher's exact test was used. A P-value <0.05 was considered statistically significant.
Results

Human BD-3 mRNA is not expressed in colon cancer cells.
First, we examined hBD-3 mRNA expression in each colon cancer cell line by qualitative reverse transcriptase-PCR. No hBD-3 transcripts were detected in any of the colon cancer cell lines examined (SW480, SW620, LS180, HT29 and COLO-320), and LPS stimulation had no effect on hBD-3 mRNA expression in these cell lines. In contrast, KYSE30 esophageal cancer cells did express hBD-3 mRNA, the level of which increased with LPS stimulation (Fig. 1) .
Human BD-3 is expressed in infiltrating monocytes of colon cancer tissues. Next, we performed immunohistochemical staining for hBD-3 in surgically resected colon cancer tissues. No hBD-3 expression was detected in the colon cancer cells; however, many tissue samples stained positive for hBD-3 in infiltrating monocytes surrounding the cancer cells (Fig. 2) . Similar results were obtained by immunohistochemical staining of tissue array samples. Results of the immunohistochemistry analyses are summarized in Table I . The level of hBD-3 expression was analyzed in each group, and the percentage of positive-staining stromal monocytes was divided into three categories (0-33, 34-66 and 67-100%). No correlation was found between the degree of positive staining for hBD-3 and the degree of cancer cell differentiation, possibly due to the small number of well differentiated and poorly differentiated colon cancer tissues.
Human BD-3 does not affect the proliferation of colon cancer cells.
To assess how hBD-3 affects colon cancer cells, we first examined the effect of hBD-3 on cancer cell proliferation using an MTT assay and the xCELLigence system. Fig. 3 shows the results of the MTT assay after 24 and 48 h. Proliferation of SW480 and SW620 cells was not affected by exposure to hBD-3 at concentrations of 1 and 5 µM. Similar results were obtained with the xCELLigence system (data not shown).
Extent of positive staining ----------------------------------------------------------------
Human BD-3 inhibits the migration of colon cancer cells.
Next, we examined the effect of hBD-3 on colon cancer cell migration. Interestingly, as shown in Fig. 4A , co-culture with hBD-3 (1 or 5 µM) significantly inhibited the migration of SW480 cells after 24 h in a dose-dependent manner. A similar inhibition of migration following exposure to hBD-3 was observed in SW620 cells (Fig. 4B) .
Human BD-3 reduces MTA2 mRNA expression in colon cancer cells. To elucidate the mechanism through which hBD-3 suppresses the migration of colon cancer cells, we compared the expression of MTA2 mRNA in SW480 cells co-cultured with 5 µM hBD-3 and control cells using a real-time PCR array. This experiment was repeated twice, and the results of both experiments showed that the expression of MTA2 was reduced by addition of hBD-3 to the culture medium (data not shown). To confirm these results, we examined hBD-3-induced changes in the level of MTA2 mRNA expression in colon cancer cells using qRT-PCR. As shown in Fig. 5 , the level of MTA2 mRNA expression was significantly reduced in both SW480 and SW620 cells in a dose-dependent manner following exposure to hBD-3.
Discussion
In the present study, we demonstrated that hBD-3 is not expressed in colon cancer cells but is expressed in tumorinfiltrating monocytes. Migration of cells of various colon cancer lines was significantly inhibited by exposure to hBD-3, although hBD-3 had no effect on proliferation of these cells. Moreover, reduced expression of MTA2 mRNA in colon cancer cells was associated with exposure to hBD-3.
Accumulating evidence indicates that several types of epithelial and cancer cells produce hBD-3. It was reported that hBD-3 is expressed in the skin, oral cavity, esophagus, trachea and placenta (5, 21) . Moreover, gastric and colon epithelial cells produce a large amount of hBD-3 in response to chronic inflammation (22, 23) . Expression of hBDs has been reported in lung cancer, head and neck cancer, and OSCC (9, 10, 14, (18) (19) (20) . However, the significance of the expression of hBDs in cancer cells is still controversial; for example, the expression of hBD-1 and hBD-3 is lost at a high frequency in prostate cancer, renal cell carcinoma and OSCC (24) (25) (26) (27) (28) . Initially, we hypothesized that colon cancer cells themselves produce hBD-3 because these cells are constantly exposed to many microorganisms. However, our results demonstrate that hBD-3 is not expressed in cells of various colon cancer lines, nor is it expressed in surgically resected colon cancer cells. Furthermore, we found that hBD-3 mRNA expression is not affected by the presence of bacterial LPS, which was reported to upregulate hBD-3 expression in OSCC (29) .
Although our results indicate that colon cancer cells do not produce hBD-3, immunohistochemical staining showed that tumor-infiltrating monocytes express high levels of hBD-3. As we supposed that colon cancer cells are exposed to hBD-3 excreted by monocytes, we next investigated the effects of hBD-3 on colon cancer progression. The results of our functional assays showed that hBD-3 significantly suppresses the migration of colon cancer cells. An increasing number of studies have suggested that defensins play important roles in modulating the development and progression of several kinds of cancers. Xu et al showed that intratumoral administration of α-defensin-1 inhibits the growth of human lung adenocarcinoma xenografts in nude mice, inducing apoptosis of these cells (30) . Several studies have suggested that hBD-3 enhances progression of oral and head squamous carcinomas (14, 20, 29) . However, Wang et al reported that hBD-3 inhibits the migration of head and neck cancer cells (18) , and our results agree with their data.
The addition of hBD-3 to the culture medium of colon cancer cell lines significantly reduced the expression of MTA2 mRNA in the current study. MTA2 is a member of the metastasis-associated family of proteins, which includes MTA1, MTA2, and MTA3. MTA1 was the first of these proteins to be identified, and there have been many reports demonstrating that MTA1 overexpression is closely correlated with carcinogenesis and the progression of a wide range of solid human cancers, including breast, liver, lung, gastric and colorectal (31-34). MTA2 is highly homologous to MTA1 and is a component of the nucleosome remodeling and histone deacetylase (NuRD) complex (35, 36) . Several studies have also reported that there is a relationship between MTA2 expression and a higher degree of malignant potential for various cancers (35, (37) (38) (39) (40) (41) . All of these reports indicate that MTA2 drives carcinogenesis and enhances tumor invasiveness. Recent studies have provided insight into how MTA proteins may enhance cancer progression. Cui et al reported that the NuRD complex represses the transactivation function of estrogen receptor-α, causing breast cancer cells to become more aggressive (42) . Luo et al found that the NuRD complex also deacetylates and thus inactivates p53, a protein that mediates cell growth arrest and apoptosis (43) . Our findings suggest that hBD-3 inhibits the migration of colon cancer cells by downregulating MTA2 expression.
Probably one of the most important findings of this study is that hBD-3 has a suppressive effect on colon cancer. However, we acknowledge that our experimental data were obtained from cultured cell lines, and we did not clarify whether any relationship exists between prognosis and hBD-3 expression in either cancer cells or stromal monocytes in colon cancer tissues; therefore, further investigation is required. Also, the precise mechanism through which hBD-3 downregulates MTA2 expression remains to be elucidated.
In conclusion, our present study demonstrates that hBD-3 inhibits the progression of colon cancer in a paracrine fashion. We believe that hBD-3 will prove to be a potent new addition to the therapeutic arsenal for treating colon cancer.
